To elucidate the mechanisms involved in increased parathyroid function in primary aldosteronism (PA), we evaluated the effects of an intravenous NaCl load on Ca metabolism and plasma level of intact parathyroid hormone (PTH) in patients with PA compared with that in patients with essential hypertension (EH).
A lterations of calcium metabolism and parathyroid function, namely reduced concentration of serum ionized calcium (Ca 2ϩ ), increased urinary calcium excretion, and elevated circulating level of parathyroid hormone, have been reported in both essential hypertension (EH) [1] [2] [3] and primary aldosteronism (PA). 4, 5 In a previous study, we observed that in both patients with PA and subjects with EH, Ca 2ϩ is lower than in normotensive controls. However, only in patients with PA intact serum PTH (PTH) was higher than in normotensive subjects. Furthermore, in the former group, an increase in Ca 2ϩ and a decrease in PTH were associated with both spironolactone administration and surgical treatment. 5 To elucidate better the mechanisms involved in the altered Ca 2ϩ /PTH profile in PA, we evaluated the acute effects of an intravenous NaCl load on calcium metabolism and PTH in patients with PA compared to patients with EH, all subjects having being submitted to the same intake of Na, K, and Ca in the week preceding the NaCl load.
SUBJECTS AND METHODS
Sixteen patients with PA, 31 to 71 years of age, and 16 patients with EH, aged 33 to 69 years, were included in the study. The two groups were well matched for age, sex, body mass index (BMI), renal function, systolic (SBP) and diastolic blood pressure (DBP). PA was defined by the presence of each of the following findings: plasma aldosterone (ng/dL)/renin activity (ng/ mL/h) ratio Ͼ 30 in the sitting position on three consecutive occasions; plasma renin activity (PRA) Ͻ 1 ng/mL/h in the upright posture for 2 h, after 5 days of a sodium restricted diet; plasma aldosterone Ͼ 7.5 ng/dL at the end of an intravenous load of 2 L of isotonic saline at an infusion rate of 500 mL/h; and upright plasma aldosterone (ALDO) Ͼ 5 ng/dL after 5 days of fludrocortisone acetate administration (0.1 mg every 6 hours). Glucocorticoid-suppressible aldosteronism was excluded by a dexamethasone test. Adrenal lesions were assessed by high-resolution thin section computer tomography and dexamethasone suppressed scintigraphy with 131 I-6-␤-iodomethylnorcholesterol. Unilateral adrenal lesions were diagnosed in nine patients. Adrenocortical adenomas were found in the seven patients so far submitted to unilateral adrenalectomy. Idiopathic aldosteronism was presumed on the basis of the absence of a unilateral lesion in both computer tomographic and scintigraphic scanning in the other seven patients. EH was established after exclusion of secondary hypertension on the basis of appropriate clinical and laboratory evaluation.
Antihypertensive drugs were discontinued 4 weeks before the beginning of the study. No subject had previously been treated with diuretics, spironolactone, or other potassium sparing drugs. For the purpose of the matching, the individual SBP and DBP were taken as the average of six office measurements in the seated position on three different visits in the 2 weeks before the beginning of the study. In the same period, endogenous creatinine clearance was determined in all subjects. All PA patients had DBP Ͼ 90 mm Hg, and a DBP Ͼ 90 mm Hg was used for the selection of patients with essential hypertension.
All subjects were placed on a diet containing 110 mmol/day of sodium, 70 mmol/day of potassium, and 650 mg/day of calcium for 6 days. On the seventh day, following an overnight fast, isotonic saline was infused intravenously at a rate of 500 mL/h for 4 h from 8 am to noon. Four-hour urine samples were collected from 4 am to 8 am and from 8 am to noon. Venous blood samples were collected and blood pressures were measured immediately before and at the end of the saline load. Individual blood pressures were considered the mean of six recordings 2 minutes apart. The two urine samples were used to measure urinary output, creatinine, sodium, potassium, and calcium. The two blood samples were used to measure serum sodium, potassium, Ca 2ϩ , creatinine, plasma renin activity (PRA), plasma aldosterone (ALDO) and parathyroid hormone (PTH). For each of the two periods creatinine clearance and fractional excretion of sodium (Na clearance/creatinine clearance ratio ϫ 100) were calculated.
All subjects gave their informed consent; the protocol was approved by the local ethical committee.
Blood pressure was measured with a standard mercury sphygmomanometer, using Korotkoff phase V for diastolic blood pressure. Intact serum PTH (PTH 1-84 ) was measured using commercially available radiometric assay kits (Diagnostic Products Corporation, Los Angeles, CA). PRA was evaluated by radioimmunoassay (Sorin Biomedica, Saluggia, Italy) through quantitative determination of angiotensin I. Plasma ALDO was also measured by radioimmunoassay (Diagnostic System Laboratories, Webster, TX). Serum Ca 2ϩ was measured with an ion selective electrode, with values adjusted to pH 7.4.
Statistics Statistical analysis was primarily based on two-way analysis of variance (ANOVA) with repeated measures, with group (PA and EH) and time (before and after saline load) as main factors. If ANOVA yielded a significant result, post hoc comparisons were carried out with paired or unpaired Student's t test as appropriate. Percent changes in a given variable after saline load as compared with baseline were compared by unpaired t test. Data are shown as means Ϯ SEM. A P Ͻ .05 was considered statistically significant.
RESULTS
Patients with PA and EH were similar in age (50.8
2 ), creatinine clearance, SBP, and DBP (Table 1) . Serum potassium was lower in the PA group (3.51 Ϯ 0.09 v 4.12 Ϯ 0.11 mmol/L, P Ͻ .05). Hemodynamic and laboratory data recorded before and after saline infusion are summarized in Table 1 . In the 4 h baseline period, SBP, DBP, urinary output (V), urinary sodium (U Na V), and potassium (U K V) excretion rates, creatinine clearance (CrC1), fractional excretion of sodium (FENa), and serum Ca 2ϩ did not differ between the two groups. However, at baseline, urinary excretion of calcium and PTH were higher in the PA than in the EH group.
The saline load did not affect blood pressures. In both groups creatinine clearance was only slightly though significantly increased, whereas urine output markedly rose. The saline load elicited a significant increase in urinary calcium excretion rate in both groups as compared with baseline; however, this increase was proportionally greater in the patients with PA ( Figure 1, panel A) . Accordingly, serum Ca 2ϩ decreased more and PTH secretion was more actively stimulated after the saline load in patients with PA as compared with those with EH ( Figure 1 , panels B and C). Urinary sodium excretion rate (Table 1) and FENa ( Figure 1, panel D) were also more strongly enhanced in patients with PA, whereas a parallel increase in the urinary excretion of potassium was observed in the two groups.
DISCUSSION
Our study demonstrates firstly that both baseline urinary excretion of calcium and PTH are higher in primary aldosteronism than in essential hypertension, in the face of equal dietary intakes of calcium and sodium, and similar excretion rates of sodium ( Table 1) . The higher baseline U Ca V is consistent with the increase of U Ca V observed in both animals 6 and humans 7 after long-term mineralocorticoid administration, as well as with the higher U Ca V reported in patients with PA compared with that in normotensive control subjects. 8 However, this increase in urinary calcium excretion associated with mineralocorticoid excess does not seem due to direct effects of aldosterone. Indeed, the increase of U Ca V requires volume expansion and the consequent ''escape phenomenon,'' as neither animals submitted to chronic mineralcorticoid administration 6 nor humans with PA 8 exhibit higher calcium excretion rates when sodium intake is substantially restricted. The increased U Ca V in PA could be due to reduced reabsorption of calcium following a reduced reabsorption of sodium in aldosterone-insensitive proximal tubular sites, where sodium handling is closely connected with that of calcium. In this case, the increased calcium excretion would be the result of the ''escape phenomenon'' elicited by plasma volume expansion. Some evidence suggests, however, that other possible mechanisms may be involved in mediating the increased calcium excretion. Micropuncture studies in ''escaped'' hypertensive saline expanded rats receiving DOCA, compared with hypertensive saline expanded control rats, have indicated a reduced calcium reabsorption in sites beyond the distal late tubule. 9 Moreover, clearance studies in the same animal model have demonstrated that either parathyroidectomy or parathyroid hormone administration following parathyroidectomy fail to alter calcium excretion, suggesting the absence of the anticalciuric effect of parathyroid hormone in the ''escape'' phase of mineralcorticoid excess. 9 The inhibition of calcium reabsorption in sites beyond the distal tubule could also follow the inhibition of sodium reabsorption on collecting ducts by atrial natriuretic peptide (ANP). 10 Indeed, the rise in plasma ANP associated with the escape phenomenon in patients with PA is accompanied by an increase in urinary calcium output.
11 Even the lower serum potassium level in PA patients compared to EH patients could contribute to the altered calcium metabolism in PA. In fact, hypokalemia following potassium deprivation in subjects with EH increases both urinary calcium excretion and plasma PTH levels. 12 On the other hand, these effects could be partly secondary to sodium retention and extracellular volume expansion following potassium depletion. Moreover, renal cysts in the collecting ducts and interstitial scarring, reported in PA patients and attributed to chronic hypokalemia, 13 could also adversely affect the tubular reabsorption of calcium. The increased calcium excretion, with the consequent trend towards a decrease of serum Ca 2ϩ , may explain the higher basal PTH level in PA patients, needed for restoring and maintaining normal or low-normal serum Ca 2ϩ . In both PA and EH patients, intravenous saline load caused an increase in serum PTH levels and urinary calcium excretion rate, together with a reduction of serum Ca 2ϩ . However, the changes of U Ca V, serum Ca 2ϩ and PTH were greater in PA patients (Figure 1 ). These changes were associated with a greater increase in sodium excretion in response to the saline load in PA patients, which is consistent with the more exaggerated natriuretic response to an acute volume expansion reported in PA compared with that in EH. 14 Considering the well known dependence of renal calcium reabsorption on sodium reabsorption, the calciuretic response to the intravenous saline load observed in both groups of patients may be the result of sodium reabsorption inhibition elicited by the acute intravascular volume expansion resulting from the saline load, whereas the greater calciuretic response in PA patients could follow a more exaggerated inhibition of sodium reabsorption in PA. In these patients, an amplification of the same factors responsible for the ''escape phenomenon'' and the higher calcium excretion in conditions of steady sodium balance is conceivable; in particular, patients with PA exhibit a greater increase in plasma ANP than patients with EH in response to acute saline load. 14 The combination of increased calcium excretion and hemodilution resulting from the saline infusion seems to explain the reduction of serum Ca 2ϩ in both groups of patients. However, the greater decrease of serum Ca 2ϩ in PA apparently depends exclusively on the higher calcium excretion. Indeed, in PA patients the extracellular volume increase following the saline load seems more attenuated than in EH patients, as indicated by the higher increase in sodium excretion.
Finally, the reduction in serum Ca 2ϩ explains the appropriate increase in PTH levels following the saline load in both groups of patients, the higher levels observed in PA being dependent on the lower serum Ca 2ϩ . Similar but less pronounced alterations of calcium metabolism have been reported in patients with lowrenin EH as compared with normotensive subjects and patients with normal and high renin EH. 2, 3 Even the increase in calcium excretion following an intravenous salt load is greater in patients with NaCl sensitive and low renin EH than in subjects with NaCl resistant EH. 15 Our results in PA patients indirectly support the role of extracellular volume expansion in the altered calcium metabolism reported in low renin or NaCl sensitive EH, as PA represents a prototype of volume dependent hypertension.
In conclusion, our results indicate an altered calcium metabolism and enhanced parathyroid function in patients with PA compared with that in patients with EH. These alterations seem to be strictly dependent on the alterations of sodium metabolism and extracellular volume, and could be mediated by the ''escape phenomenon'' and by the exaggerated natriuresis in response to an acute saline load.
